O live tree is the most widely cultivated tree crop in Mediterranean countries, where olive groves cover 8.6 million ha, ~93% of the world olive area (FAOSTAT, 2010) . Among all the producing countries, Spain ranks fi rst with 2.47 million ha of olive trees, of which 1.50 million ha are located in Andalusia; it's most Southern region (Consejería de Agricultura y Pesca, 2010).
Although their size varies slightly among varieties, olive trees grow in natural conditions 4 to 8 m height, forming a hemispheric tree crown. In olive plantations, tree crown size and shape, and leaf density and distribution are controlled by farmers through regular pruning (performed every 1-3 yr) to obtain a canopy structure best suited for optimum yield, prevention of pest and diseases, and to facilitate management of the plantation. To obtain the optimum crown size, farmers also take into account the tree density. Traditional rain-fed olive plantations have been cultivated with low plant densities (<100 tree ha -1 ) to provide a large volume of soil, acting as a water reservoir, for each tree, and with one to four trunks per tree, subjected to frequent pruning to limit tree crown size. In recent decades, the expansion of irrigation has resulted in new intensive plantations established with tree densities of 200 to 400 trees ha -1 , with only one trunk per tree; this has resulted in an increase of canopy cover but with tree crowns still spaced from each other. More recently, hedgerow plantations are being established, with smaller trees at very high densities up to levels approaching 2000 trees ha -1 , as a means of mechanization of harvesting operations (Pastor et al., 2007) .
Th e tree crown size and the LAI, defi ned by Watson (1947) as the total one-sided area of leaf tissue per unit ground area (m 2 m -2 ), of olive canopies are key variables in hydrological and ecophysiological processes, controlling key environmental and agronomical issues. Olive biomass production and oil yield are closely related to the amount of photosynthetically active radiation (PAR) that is intercepted by leaves (Mariscal et al., 2000; Iniesta et al., 2009 ). Intercepted PAR is mainly determined by LAI (Monsi and Saeki, 1953) ; therefore, LAI is considered a critical input variable for simulation models of C and water fl uxes in olive canopies. In the case of olive orchards, the intercepted PAR is regulated by the structure of the olive crown, and the density and orientation of the slopes where the orchard is grown (Mariscal et al., 2000) . Hydrological processes are also regulated by the crown size and leaf area of olive trees. Interception of rainfall and funneling as stem fl ow by the olive canopy increases with increasing leaf area of trees (Gómez et al., 2001 ). An increase of the ground cover by the olive crown results in a reduction of soil erosion risk (Gómez et al., 2003) .
Th e ability to measure or estimate leaf area in olive orchards is critical to accurately model ecophysiological and hydrological processes, as well as orchard productivity. Th e major ground-based methodologies for estimating LAI use either direct measures through destructive sampling of the vegetation, or indirect methods involving optical instruments and models (Norman and Campbell, 1989; Bréda, 2003; Jonckheere et al., 2004; . Destructive sampling is time-consuming and expensive in tree crops, and sometimes not feasible (Villalobos et al., 1995) . Alternative optical methods are based on the measurement of light transmission through canopies. Th ese methods apply the Beer-Lambert law on the fact that the fraction of incoming radiation intercepted by a canopy depends on the canopy structure and optical properties (Monsi and Saeki, 1953) . Th e LAI-2000 Plant Canopy Analyzer (Li-Cor, Lincoln, NE) is one of the most extensively used among the instruments for optical determination of LAI in broad-leaf and coniferous forests, for example, Gower and Norman, 1991; Stenberg et al., 1994; Cutini et al., 1998; Barr et al., 2004 , and it has been calibrated and validated for use in olive trees by Villalobos et al. (1995) . Th e primary disadvantage of these methods is that they yield information only for the immediate vicinity of the measurement points and considerable eff ort is required to obtain even the most local characterization of LAI.
Th erefore, remote sensing makes progress on the development of methods to estimate canopy biophysical parameters, such as the canopy cover fraction and LAI, using sensors with diff erent spatial and spectral characteristics. It is an area of active progress in the last decades aimed to provide extensive spatial information of the vegetation properties at diff erent scales. Fassnacht et al. (1997) used the refl ectance spectra of conifer, hardwood, and mixed conifer-hardwood forests derived from Landsat-5 Th ematic Mapper (TM) to calculate vegetation indices that correlated r 2 from 0.60 to 0.75 with LAI measurements. Turner et al. (1999) evaluated the potential of three spectral vegetation indices (SVIs), NDVI, SR, and SAVI, using Landsat-5 TM, in areas with diff erent vegetation (grass, shrubs, hardwood, and conifer forests), obtaining in general a high correlation between SVIs and LAI. Th e diff erent types of vegetation showed diff erences on the predictive ability of the diff erent SVIs, refl ecting diff erences in the complexity of their structure and their spectral signature. Later, Haboudane et al. (2004) conducted an analysis based on both simulated and real hyperspectral data to compare performances of existing vegetation indices (NDVI, RDVI, MSR, SAVI, SARVI, MSAVI, TVI, and MCARI) and to design new ones (MTVI1, MCARI1, MTVI2, and MCARI2) insensitive to chlorophyll content variations and linearly related to green LAI.
A new generation of hyperspectral satellite-based sensors, characterized by high spatial resolution (between 0.5 and 2.5 m) such as QuickBird (DigitalGlobe, Longmont, CO) or IKONOS (Space Imaging Corp., Th orton, CO) among others, provide an alternative to traditional imaging based on sensors of low spatial resolution and broad bandwidth. In particular, Laliberte et al. (2004) evaluated ground cover by shrubs and grass vegetation in New Mexico using aerial photography and QuickBird images with good results, and Johnson et al. (2003) used NDVI calculated from IKONOS images to determine LAI of vineyards in northern California obtaining a correlation of r 2 = 0.72.
Hyperspectral airborne sensors, such as airborne visible/infrared imaging spectrogrameter (AVIRIS; NASA Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA), compact airborne spectrographic imager (CASI; ITRES inc., Calgary, AB, Canada), airborne hyperspectral scanner (AHS; Daedalus Enterprise, WA), have also been used to evaluate biophysical properties of vegetation with high spatial resolution. In particular, work was conducted by Haboudane et al. (2004) Th ere is signifi cantly less research on evaluation of biophysical properties of discontinuous vegetation canopies, such as in open-canopy tree crops, using remote sensing. Th e aggregation of pure crown, shadows, and soil background refl ectance makes this situation more diffi cult to evaluate than in a homogeneous fi eld crop providing full canopy ground cover. Th e use of hyperspectral sensors of high spatial resolution, airborne or satellite-based, provides the opportunity to evaluate the biophysical properties of individual trees and orchards, aiming at providing detailed maps at diff erent scales of important environmental and agronomic traits, such as orchard productivity and soil erosion risk, and its temporal variation due to vegetation growth or phenological changes.
Th e objective of this study is to evaluate the potential of two high spatial resolution sensors, CASI and QuickBird, for determining and mapping the tree crown size, crown transmittance, and LAI of individual olive trees in commercial traditional and intensive olive plantations.
MATERIALS AND METHODS

Site Description
Ground and remote fi eld measurements were made in two commercial olive orchards located in Andalusia, southern Spain, in summer 2003 and . Both orchards diff ered in tree density, olive crown shape and size, and pruning, and were selected to obtain a broad range of planting conditions for validation purposes. Th e fi rst orchard ('El Tobazo') is a traditional rain-fed olive orchard (cultivar Picual), ~100-yr old, planted at low tree density, 12 by 12 m tree spacing; since year 2000, some areas were interspersed with one-trunk irrigated olive trees, resulting in a 7 by 7 m tree spacing. Th e orchard is located in Alcaudete (Jaén province) over a mixed landscape of rolling hills and fl at areas. Th e second orchard ('Alameda del Obispo') is an intensive irrigated olive orchard (cultivar Arbequina), 10-yr old at the time of the measurements, planted at high tree density, 3.5 by 7 m tree spacing, and is located in Córdoba on a fl at landscape. Th e total number of olive trees measured was 86 in the orchard El Tobazo and 37 in the orchard Alameda del Obispo.
Furthermore, to explore the relationship between orthogonally projected crown area (cA) and crown volume (cV) in individual olive trees, six commercial olive orchards were selected from different geographical areas of Andalusia, to capture the variability of olive groves in the region. Th ese olive orchards cover the main olive varieties (Picual, Hojiblanca, Manzanilla, and Arbequina) characteristics of each area (or province), and planting systems (tree density and trunks per tree) and management (pruning, irrigation/ rain-fed) generally used (Table 1) . Th ese diff erences in tree density, number of trunks per tree, pruning, and olive variety, provided a wide range in the crown size. Th e number of olive trees measured in each olive orchard, including the two experimental sites, and the range in tree crown dimensions measured are shown in Table 1 .
Ground Measurement of Olive Crown Dimensions
Th e cV of each olive tree was calculated from the coordinates of the tree silhouette. Th e tree-cV was divided into eight cV-sectors generated by eight equidistant trapezoids which were revolved around the central-vertical axis of the tree. Th e volumes corresponding to the 45° revolution of each trapezoid were calculated using the second Pappus-Guldinus theorem (Selby, 1973) , and summed to obtain the tree-crown volume. Th e coordinates of each trapezoid silhouette were measured by placing a large ruler vertically at constant intervals from the center of the tree to the perimeter of the orthogonal tree-crown projection, and visually determining the interception of the foliage boundaries with the ruler, in each of four positions per trapezoid (Fig. 1a) .
To measure the cA of individual olive trees, the perimeter of the orthogonal projection of the tree crown was marked onto the soil surface with a pole provided with a leveling bubble in eight points, drawing eight equidistant transects from the center of the tree (Fig. 1b) . Th e projected olive crown area in the horizontal plane was calculated as the sum of the areas of circular sectors for each transect.
When the olive trees were formed with a single trunk and regular crowns (all trees in the olive orchard Alameda del Obispo and younger trees in El Tobazo), the crown of the olive trees was divided into four tree-crown sectors for determinations of olive crown volume and projected crown area.
Ground Measurement of Crown Transmittance and Leaf Area Index of Individual Olive Trees
Crown transmittance of individual olive trees was measured using the LAI-2000 plant canopy analyzer (PCA) (Li-Cor, Lincoln, NE) in July 2003 and 2004. Th is device measures the fraction of diff use incident radiation transmitted through a plant canopy (or gap fr action), by taking the ratio of the belowto the corresponding above-canopy radiation measurements. For that purpose it has a set of optical sensors that simultaneously measure diff use radiation in fi ve ranges of zenith angles (for detailed description see Welles and Norman, 1991) . For each zenith angle (θ), radiation transmittance [T(θ)] through the plant canopy is determined by
where G(θ) is the G-function, a fraction of leaf area projected toward angle θ, LAD is the leaf area density (m 2 -leaf m -3 -canopy), and S(θ) is the path length through the plant canopy for each angle θ (m). Th e LAD is obtained rearranging Eq.
[1] and by numerical integration over the range of zenith angles measured by the PCA (Miller, 1967) .
Th e leaf area density of individual olive trees (LAD O ) was determined using measurements of diff use radiation transmittance in 32 (or 16 for one-trunk trees) points at the soil level, in the same positions used to determine trapezoid silhouettes (Fig. 1a) . In each point, diff use radiation transmittance was measured twice, just before sunrise and sunset to avoid direct radiation. In all these measurements, only the reading of the PCA sensor measuring in vertical zenith angle (0°-12°) was used. Under these conditions, the LAD in each measurement point (p) can be solved numerically as
where LADp is the leaf area density (m 2 m -3 ) calculated from a single point p, (B/A) p is the measured vertical beam transmittance in the point p (T p , dimensionless), being B and A diff use radiation measurements below and above the crown canopy at that point, G is the G-function for zero zenith angle (dimensionless) that for an olive tree is 0.77 (Mariscal et al., 2000) , and S p is the canopy depth (the path length of the vertical beam in the crown canopy) at the point p (m), measured when determined the coordinates of the trapezoid silhouettes (Fig. 1a) . Th e LAD O was obtained as the weighted average of the LAD measurements in the 32 (or 16) points per tree. First, the leaf area density of each trapezoid (LAD t ) was calculated as the average of the LAD measurements in the four points per transect weighted by the respective canopy depths, Sp. Aft erward, LAD O was obtained as the weighted average of the LAD t values, considering the respective circular sector areas for each transect.
Th e leaf area index per individual olive trees (LAI O , m 2 m -2 ) was calculated using: where cV and cA are the crown volume and orthogonally projected crown area, respectively, of individual olive trees, both measured as indicated in the previous section. Th erefore, LAI can be defi ned for individual trees as the crown leaf area per unit of projected crown area. Because the optical sensor sees not only the leaves but also branches and stems, the equivalent terms for individual trees using the PCA will be plant area density (PAD) and plant area index (PAI). In olive trees grown in the fi eld, >90% of the plant surfaces correspond to leaves (Villalobos et al., 1995) , so PAD and PAI can be approximated to LAD and LAI. Th e crown transmittance of individual olive trees (T O , dimensionless) was obtained as the average of the transmittance measurements (T p ) on each olive tree.
Remote Sensing Imagery
Two high-spatial resolution sensors were used in this study. Th e CASI hyperspectral sensor was fl own over the two experimental sites at a fl ight altitude of 2250 m in July 2003. It provided images at 1-m spatial resolution in seven spectral bands centered at 490.7, 550.6, 670.3, 700.7, 750.1, 775 , and 800 nm, with a bandwidth oscillating between 4 and 12 nm. Th e uncalibrated images of CASI were converted into radiance using the calibration coeffi cients obtained in laboratory at the Centre for Research in Earth and Space Technology (CRESTech, Montreal, QB) and York University (Toronto, ON, Canada). Th e aerosol optical depth (AOD) at wavelengths 340, 380, 440, 500, 670, 870, and 1020 nm were measured using MicroTops II sun photometer (Solar Light Co., Philadelphia, PA) during the fl ights, to determine the AOD at 550 nm required for the atmospheric correction with CAM5S (O'Neil et al., 1997). Figure 2 depicts an example of the images obtained with the CASI sensor.
QuickBird images of the experimental site corresponding to the traditional olive plantation were acquired for July 2003 and August 2004. Hyperspectral images have a spatial resolution of 2.5 m and four spectral bands (blue, 450-520 nm; green, 520-600 nm; red, 630-690 nm; and near-infrared, 760-900 nm), and a panchromatic mode with 0.6-m pixel size with one single broad band (450-900 nm). Radiometric calibration of the images was made using the calibration coeffi cients provided by DigitalGlobe (DigitalGlobe, Longmont, CO) to obtain spectral radiance. Once processed, the radiance images were converted into refl ectance images using the radiative transfer model MODTRAN (Spectral Sciences, Burlington, MA). Figure 3 depicts an example of multispectral and panchromatic images acquired with QuickBird. Th e CASI imagery was used at full resolution and also downscaled to simulate satellite spatial resolution. Spectral resampling was conducted that transformed hyperspectral CASI images into panchromatic images centered at 675 nm with 309.3 nm bandwidth and thus simulating QuickBird.
Determination of Tree Crown Dimensions from Remote Sensing Images
Determination of the projected surface of the olive crowns was made using the three sets of available images (hyperspectral CASI, panchromatic QuickBird, and simulated panchromatic image from CASI). Th e automatic local maximum refi nement and delineation algorithm or LMRDA (Pouliot et al., 2002) was used for identifi cation and delineation of the olive crown on the images. Th is algorithm is implemented in two steps. First, the individual trees were identifi ed using the TD_LWS algorithm, which starts its search on the brightest pixel. Aft erward, the olive crowns were delineated using the TD_GF_REF algorithm. Both models were used with the parameters values shown in Table 2 . Olive trees in the intensive plantation were close (3.5 m in the row) that overlapped the crowns; therefore, single tree delineation was possible only in the traditional plantation.
Th e image-estimated crown volumes (cV') for individual olive trees in the traditional plantation were obtained from the image-estimated crown projection areas (cA'), using the regression relationship (cV vs. cA) determined experimentally from ground measurements of crown volume and projected crown area in each olive tree.
Determination of Spectral Indices for Olive Trees from Remote Sensing Images
For each of the individual trees identifi ed in the images, several spectral vegetation indices (SVIs) were determined from the two sets of hyperspectral images. Th e NDVI (Rouse et al., 1974) , is defi ned as NDVI = (R NIR -R RED )/(R NIR + R RED ) [4] where R NIR + R RED are the values of the refl ectance in the near-infrared (R 800nm ) and red (R 690nm ) bands, respectively. Th e RDVI as proposed by Rougean and Breon (1995) is defi ned by
Th e SR (Jordan, 1969; Rouse et al., 1974) , is defi ned by SR = (R NIR /R RED ) [6] and the MSR (Chen, 1996) is defi ned by
Th e data sets obtained for each of these four SVIs were compared with the ground measurements of biophysical properties of olive trees by regression analysis (Steel and Torrie, 1960 ), applied at individual-level tree data. Figure 4 depicts the relationships between ground measured and image estimated olive orthogonal crown projection areas for the diff erent remote sensing images evaluated (hyperspectral CASI-airborne, panchromatic CASI-airborne, and panchromatic QuickBird-satellite images). Th e best relationship obtained was with the analysis of the CASI hyperspectral images ( Fig. 4a ; linear regression equation cA = 2.50 + 0.981 cA'), presenting the highest determination coeffi cient (r 2 = 0.82; P < 0.0001), and the lowest root mean square error (RMSE = 4.8 m 2 ). Th is result suggests an appropriate performance of the detection algorithms used, but also the quality of the information provided by the images with high spatial resolution (1 m) and narrow-band information.
RESULTS AND DISCUSSION
Determination of Olive Crown Dimensions from Remote Sensing Imagery
Th e analysis of the panchromatic QuickBird-simulated images from hyperspectral CASI images enabled the evaluation of the eff ects caused by the lower spectral resolution on the prediction of the tree crown projected area. Th e estimation of olive crown projected area by the analysis of CASI panchromatic images (Fig. 4b) showed a slightly worse performance (r 2 = 0.76, and RMSE = 5.6 m 2 ) than using CASI hyperspectral images, explained by the loss of information when resampling from multispectral to simulated panchromatic images. Th e results obtained from analysis of QuickBird panchromatic images (Fig. 4c ) resulted in the worst prediction of the values of the olive crown projected area (r 2 = 0.65, and RMSE = 6.2 m 2 , for years 2003 and 2004) , as expected, although statistically signifi cant (P < 0.0001). Figure 5 depicts the relationships between ground measured and image estimated olive crown volumes for the diff erent remote sensing images evaluated. Th e best relationship obtained was with the analysis of the CASI hyperspectral images (Fig. 5a ), yielding r 2 = 0.87 (P < 0.0001) with RMSE = 8.4 m 3 (linear regression equation cV = 3.00 + 1.024 cV'). Th is result suggests an appropriate performance of the estimation of the olive crown projection area by CASI hyperspectral images, discussed in the previous step, as well as the adequacy of the relationship between crown volume and crown projected area of the olive trees in the traditional plantation, presented in Fig. 6a .
Th e relationships between cV and cA obtained from ground measurements of individual olive trees in the two experimental sites (olive orchards El Tobazo and Alameda del Obispo) are shown in Fig. 6a , and for diff erent types of olive orchards evaluated (Table 1) in Fig. 6b . Th e regression equation for the olive orchard El Tobazo shown in Fig. 6a was compared against ground measurements of cV and cA in a broad range of olive crown sizes, including diff erent olive varieties, tree densities, and trunks per tree (Table 1 ), in Fig. 6b . Th at comparison suggests that this empirical relationship might be used for olive orchards with similar characteristics to that depicted in Fig.  6a , which are quite common in the region. It also suggests that large error in the determination of crown size can be introduced if tried to apply for specialized type of olive orchards, such as very-high density plantations with olive trees forming hedgerows, or for overlapped crowns, for example, intensive orchard Alameda del Obispo, Fig. 6a , or for large crowns with pruning adapted to table olive, for example, traditional orchard 'El Huerto', Fig. 6b . For these specifi c situations a new relationship cV vs. cA must be determined for a successful implementation of the methodology described in this manuscript.
Th e estimations of olive crown volume using panchromatic QuickBird-simulated images from hyperspectral CASI images (Fig. 5b ) yielded lower r 2 (=0.81) and higher RMSE (=10.1 m 3 ) values, that is explained by the loss of information when resampling of CASI images to the QuickBird-simulated images for determination of the olive tree crown projection area. Th e results obtained from analysis of QuickBird panchromatic images (Fig. 5c ) resulted in worse predictions of olive crown volumes (r 2 = 0.70, and RMSE = 11.3 m 3 , for years 2003 and 2004) , although statistically accurate (P < 0.0001).
Determination of Olive Crown Transmittance
Determination coeffi cients (r 2 ) between ground measurements of olive crown transmittance and the diff erent SVIs evaluated from two sets of hyperspectral images, CASI and QuickBird, are given in Table 3 . It can be observed that the four indices (NDVI, RDVI, SR, and MSR) presented a better estimation of the crown transmittance with the CASI airborne sensor (r 2 ranging between 0.71 and 0.75, P < 0.0001, for SR and RDVI, respectively) compared to the QuickBird satellite sensor (r 2 ranging between 0.49 for NDVI and 0.50 for RDVI; P < 0.0001). Table 4 shows the summary of ground-measured values of the olive crown transmittance for traditional (El Tobazo) and intensive (Alameda del Obispo) olive orchards evaluated. Table 4 and Fig. 7 show the ability of capturing the variability in the olive crown transmittance using SVIs derived from CASI or QuickBird images. Th is is illustrated in Fig. 8a , where the variability in crown transmittance in a large (8 by 8 km 2 ) area, using the regression equation between ground-measured crown transmittance and RDVI from QuickBird images for individual olive trees, is shown. A zoom of such image allows identifi cation of diff erences in the crown transmittance of the olive trees (Fig. 8b) . Th ese results demonstrate the application of this methodology for mapping olive crown transmittance in large areas, and at orchard scale where we can see the diff erences among individual olive trees.
Determination of Plant Area Index of Individual
Olive Trees from Remote Sensing Imagery Table 3 summarizes the correlation between the ground measurements of plant area index of individual olive trees (PAI O ) and the diff erent SVIs evaluated from CASI (r 2 ranging from 0.57 to 0.62, P < 0.0001, for SR and RDVI, respectively), and QuickBird (r 2 ranging between 0.35 for NDVI and 0.37 for RDVI; P < 0.0001) hyperspectral images. It is apparent that remote sensing enables a moderate determination of PAI O better with CASI images. Th e best relationship obtained was with RDVI for CASI-airborne sensor (PAI O = -0.149 + 9.94 RDVI; r 2 = 0.62; RMSE = 0.46; Fig. 9a ) compared with QuickBird-satellite sensor (PAI O = 0.804 + 13.13 RDVI; r 2 = 0.37; RMSE = 0.42; Fig. 9b) . Th e best estimations of PAI O from CASI compared to QuickBird images were due to better spatial and spectral resolution of the airborne sensor as compared with the satellite imagery. Table 4 summarizes the ground-measured . 9a ).
values of the PAI in individual olive trees in the two diff erent orchards evaluated (El Tobazo and Alameda del Obispo).
Leaf area index, of which PAI is a good proxy since in adult olive trees more than 90% of plant surface correspond to leaves, is a key parameter in modeling agronomical and hydrological processes in olive orchards like, for instance, rainfall interception (Gómez et al., 2001) , and radiation interception (Mariscal et al., 2000) . Th ese methods enable for determining and mapping of PAI of individual olives trees over large areas, using hyperspectral remote sensing images. Figure 10 shows an example of evaluation of PAI O at orchard scale (El Tobazo) with the methodology proposed in this study, showing signifi cant diff erences in the PAI O between diff erent areas of the olive orchard. Th us, these detailed PAI O maps would provide useful information for agronomic and hydrological models and for an appropriate site-specifi c orchard management.
CONCLUSIONS
Overall, the spectral vegetation indices evaluated (NDVI, RDVI, SR, and MSR) combined with the tree crown projection area obtained from remote sensing imagery (CASI airborne and QuickBird satellite-based) enabled the characterization at individual tree scale of key biophysical indicators, such as crown size, crown transmittance, and LAI, of olive trees over large areas. Leaf area index and percent crown cover of canopy trees are key variables in many hydrological and ecophysiological models, governing several processes such as photosynthesis, transpiration, or rainfall interception. Th e methodology developed in this study enables for determining and mapping of LAI, crown transmittance, crown cover, and crown volume of individual olive trees at orchard scale and in large areas, and the validity of the methods used when applied to satellite images. Future studies should try to increase the accuracy in determination of biophysical indicators for individual olive trees.
